Predicted global climate change threatens the distributional ranges of species worldwide. We identified genes expressed in the intertidal seagrass Zostera noltii during recovery from a simulated low tide heat-shock exposure. Five Expressed Sequence Tag (EST) libraries were compared, corresponding to four recovery times following sub-lethal temperature stress, and a non-stressed control. We sequenced and analyzed 7009 sequence reads from 30 min, 2 h, 4 h and 24 h after the beginning of the heat-shock (AHS), and 1585 from the control library, for a total of 8594 sequence reads. Among 51 Tentative UniGenes (TUGs) exhibiting significantly different expression between libraries, 19 (37.3%) were identified as 'molecular chaperones' and were over-expressed following heat-shock, while 12 (23.5%) were 'photosynthesis TUGs' generally under-expressed in heat-shocked plants. A time course analysis of expression showed a rapid increase in expression of the molecular chaperone class, most of which were heat-shock proteins; which increased from 2 sequence reads in the control library to almost 230 in the 30 min AHS library, followed by a slow decrease during further recovery. In contrast, 'photosynthesis TUGs' were under-expressed 30 min AHS compared with the control library, and declined progressively with recovery time in the stress libraries, with a total of 29 sequence reads 24 h AHS, compared with 125 in the control. A total of 4734 TUGs were screened for EST-Single Sequence Repeats (EST-SSRs) and 86 microsatellites were identified.
Introduction 45
Seagrasses are key-species in coastal ecosystems, as important primary producers 46 providing food, nursery and shelter for many marine species, but are declining 47 worldwide [1, 2] ; changes attributed to anthropogenic activities and climate change [ upper intertidal can be exposed for as long as 6 hours during spring tides, and 58 temperature in these small intertidal pools have reached 38ºC in low wind/high sun and 59 air temperature situations (S. Massa, personal observation). 60 When higher plants are exposed to temperatures higher than required for optimal 61 growth, a cellular adaptive response is activated to maintain cellular homeostasis under 62 stress, resulting in increased synthesis of heat-shock proteins (HSP) and reduced 63 production of other metabolic proteins [6] . Heat-shock can affect macromolecular 64 synthesis, levels of cations, states of protein phosphorylation, metabolic pathways and 65 cytoskeleton networks [7] . Heat stress has been shown to reduce photosynthetic yield in 66 tropical seagrasses and increase photoinhibition [8] . It also reduces chlorophyll levels, 67 reducing light (energy) absorption in chloroplasts for photosynthesis, and affects the 68 levels of protective enzymes against oxidative stress, such as ascorbate peroxidase 69 (APX) and superoxide dismutase (SOD) [9, 10] . All of this suggests that the response to 70 heat stress is a complex process involving a large number of genes. 71
As genomic tools become more accessible for a wide range of non-model 72 organisms, they can be applied by evolutionary ecologists to address questions 73 concerning adaptation to novel or stressful environments, in order to clarify whether 74 changes in the phenotype of independent populations confronted with similar 75 environmental challenges are adaptive or a result of random genetic drift [11] [12] [13] . 76
Differences in individual responses to adverse conditions affect fitness through 77 selection, and may ultimately influence the survival of populations and potential shifts 78 in species distribution ranges [14] . 79
As of February 5 th , 2011 there were 13,434 marine seagrass EST sequences 80 reads in NCBI, from only 2 species, of which 10,345 are from the closely related 81 species Zostera marina and 3,089 from Posidonia oceanica, and none for Z. noltii. This 82 study aims to identify genetic markers and genes expressed in the intertidal seagrass Z. 83 noltii during recovery from heat-shock exposure, simulating a low-tide event. A 84 description of transcriptional changes in Z. noltii in response to heat-shock is needed to 85 study the impacts of temperature stress and to explore the adaptation potential of this 86 species in the face of climate change. (e.g. molecular markers including SSR and SNPs 87 to identify loci potentially under selection, and gene sequence information to develop 88 qPCR assays for functional studies of target genes). Moreover, an increased coverage of 89 the transcriptome of seagrasses in general will allow the identification of crucial clusters 90 of genes systematically involved in response to warming, providing a basis for 91 comparative studies of gene evolution in seagrasses. simulated tides for acclimation during approx. 4 weeks. In high tide situation, water 100 level in the tank was up to its maximum capacity, and every day at 10 a.m. the water 101 level was slowly decreased until roughly two hours later only a 2 cm layer of water 102 (approximately) remained above the sediment, mimicking a low tide situation. At 4 103 p.m., ambient seawater was gradually added to increase the water level back to high tide 104 situation. This process was repeated again starting at 10 p.m. as tides in the Ria 105
Formosa are semidiurnal. Previous work had determined the sub-lethal temperature for 106 Z. noltii shoots in Ria Formosa to be slightly above 37ºC [5] , and so a single heat-shock 107 of 37.5±0.5 ºC was then applied for four hours, the approximate average duration of low 108 tide exposure in this part of Z.noltii distributional range, during a simulated low tide 109 situation as previously described, between 10 am and 2 pm. After the heat-shock, 110 ambient seawater was gradually added to the tank to lower the temperature to its initial 111 value of approx. 22ºC. Sampling of inner leaves of randomly picked shoots (on average, 112 59 x approx. 20 shoots per time step) from all sites and cores for RNA extraction 113 occurred at 30 minutes, 2, 4 and 24 hours after the beginning of the heat-shock. Each 114 group of approximately 20 shoots was put in a tube and immediately frozen in liquid 115 nitrogen for later processing. A sample of non-stressed plants was also collected to be 116 used as a control (blank). 117 118
RNA preservation and storage 119
At the end of the first three samplings (plus the control), samples were taken to the lab 120 in liquid nitrogen and immediately freeze-dried for at least 48 hours, and preserved at -121 80ºC until extraction. The same procedure was performed after the 24 hour sampling. 122 123
cDNA library construction 124
Samples were transferred into a tube with a tungsten sphere and ground at 30 g for 10 125
minutes. RNA extraction was performed using Qiagen and GE Healthcare extraction 126 kits (Germany). RNA quality was verified using 3µL of RNA extraction on denaturing 127 agarose gels and quantification was performed with a spectrophotometer at 260 and 280 128
nm. 129
RNA extractions were treated with the Macherey-Nagel NucleoSpin RNAII kit 130 for DNAse I digestion. All cDNA libraries were constructed with purified mRNA using 131
Dynabeads® mRNA purification kit (Invitrogen); each sample was fractionated by 132 column chromatography and the highest quality fractions were pooled together and 133 directionally cloned into pDORN 222, using CloneMiner™ cDNA Library Construction 134 Kit (Invitrogen). Electrocompetent cells were transformed by electroporation and then 135 grown in SOC medium. After plasmid extraction, sequence data were obtained using 136 M13-21 primer (5'-TGTAAAACGACGGCCACT-3´), amplified by the following 137 programme: denaturation step (96ºC 1'), followed by 35 cycles of denaturation (96ºC 138 20''), annealing (55ºC 10'') and elongation (60ºC 4'). The cloned cDNAs were 5′-end-139 sequenced using Big Dye 3.1 chemistry and ABI 3130XL capillary sequencers. 
Homology searching 165
Individual stress libraries were screened by local Blastn against a database consisting of 166 a pooled assembly of all stress treatment libraries (i.e., 30 min, 2 h, 4 h stress, and 24 h 167 recovery) to identify homologues and estimate their expression levels. In this case, 168 when two or more TUGs from individual stress libraries had the same top blast hit 169 against this database, they were considered the same TUG. In the case of the control 170 library that was not included in the database, we applied a stringent E-value cut-off of < 171
1.0E
-100 when considering homologous consensus TUG sequences. The main protein families found in our data were the HSP70 protein family, the 201 protein kinase domain family and the chlorophyll a-b binding protein family (Table 2) . 
Identification of differential expression 207
Out of the 51 TUGs with significantly different expression between libraries and a total 208 of at least 10 sequence reads, 26 (51%) had a matching hit with Z. marina, 16 (31%) of 209 which also had a match with P. oceanica (Annex I). Most of the highest-scoring 210 matches were photosynthesis-related TUGs but also included 2 heat-shock cognate 211 protein 80 TUGs, a stress-induced phosphoprotein, a glyceraldehyde-3-phosphate 212 dehydrogenase, a flavoprotein, a 70 kDa peptidyl-prolyl isomerase, a glutamine 213 synthetase and one TUG with no significant Blastx hit, suggesting that these TUGs are 214 highly conserved across the seagrass species, probably due to their fundamental role in 215 cellular pathways. The remaining 13 TUGs (25%) had no meaningful matches. These 216 51 TUGs were divided into 3 groups according to their function: 'molecular 217 chaperones', 'photosynthesis TUGs' and 'other TUGs of interest', which will be 218 discussed further below. 219
Molecular chaperones 221
Among 943 TUGs from the control library, only two heat-shock protein TUGs were 222 found, and 61 heat-shock protein TUGs were found in the combined stress libraries, 223 from a total of 4,666 TUGs. When the number of sequence reads was taken into 224 consideration, IDEG found 9 of these heat-shock protein TUGs to have a significantly 225 different expression between libraries. 'Molecular chaperones' include not only these 9 226 heat-shock protein TUGs but also 10 other TUGs, like heat-shock cognate proteins and 227
DnaJ homologues, and were over-expressed in the stress libraries. While the control 228 library showed only 2 sequence reads, these increased rapidly at the beginning of the 229 stress, showing a total of 229 sequence reads at 30 minutes, and slowly decreased 230 thereafter to 213 at 2 hours, 126 at 4 hours and 66 at 24 hours (Fig. 1) . The response 231 was very fast, with significant difference being recorded as soon as 30 minutes after the 232 beginning of the heat-shock. shown that mortality will eventually occur (Massa et al, unpubl.) 
Photosynthesis TUGs 295
We found 12 TUGs with photosynthetic function and with significantly different 296 expression between libraries, which were overall under-expressed in the stress libraries. 297
The control library showed a total of 125 sequence reads, which decreased to 96 after 298 30 min, 86 after 2h, 44 after 4h, and reached a minimum of 29 after 24h (Fig. 2) 
Other TUGs of interest 316
A number of other TUGs with diverse functions were also found to have significantly 317 different expressions among libraries (Fig. 3) . 318
319

Ubiquitin 320
Ubiquitin is a highly conserved small protein, involved in the selective degradation of 321 many short-lived proteins in eukaryotic cells as they are targeted for degradation by 322 covalent ligation to ubiquitin. Ubiquitin-mediated degradation of regulatory proteins 323 plays important roles in the control of numerous processes, including cell-cycle 324 progression, signal transduction, transcriptional regulation, receptor down-regulation, 325
and endocytosis. The ubiquitin system has been implicated in the immune response, 326 development, and programmed cell death [37, 38] . Ubiquitin TUGs were over-327 expressed in the stress libraries, suggesting that heat-stress may have damaged some 328 proteins, which were targeted for proteolysis. 329
330
Glutamine synthetase 331
Another TUG that was also slightly elevated in the stress libraries was glutamine 332 synthetase (GS), involved in the assimilation of nitrogen and a biomarker of plant 333 metabolism, indicating nutrient deficiency under stress conditions [39] . Higher plant GS 334 in roots functions in the primary assimilation of ammonia from the soil. In leaves, GS is 335 also responsible for the reassimilation and detoxification of the large amounts of 336 ammonia lost during photorespiration [40] . Accumulation of nitrogen may be explained 337 by the lack of use of this nutrient for growth during stress conditions, as was observed 338 in Z. marina during reduced light conditions [41] . 339
340
Response to oxidative stress and/or cellular detoxification 341
The classical plant peroxidases are a well-studied group of heme-containing enzymes 342 that utilize either H 2 O 2 or O 2 to oxidize a wide variety of substrates [42] . In the majority 343 of plant species investigated they occur as distinctive isoenzymes which can be 344 
Conclusions
419
This study reports the first transcriptomic dataset for Z. noltii, focusing on response to 420 high temperature stress. Understanding the molecular basis of traits of interest has been 421 hindered by a lack of genomic resources for this species, and this study has provided a 422 considerable dataset covering the transcriptional response to heat-stress. Almost 8,600 423 sequences reads were produced from all libraries, which resulted in over 3,000 424 
